Introduction {#Sec1}
============

Hepatic encephalopathy (HE) is a major complication of cirrhosis and (or) portal-systemic shunting^[@CR1]^. Its pathogenesis is not completely clear. It has been suggested that nitrogen metabolism dysfunction may cause neurological symptoms^[@CR2]^. HE significantly affects the quality of daily life and may ultimately lead to death; however, HE can be reversed with the appropriate treatment^[@CR1],\ [@CR2]^.

HE patients are known to have higher levels of ammonia in their blood. Thus, current HE treatments focus on non-absorbable disaccharides (e.g., lactulose) or antibiotics (e.g., rifaximin) to reduce ammoniagenesis in the intestines and lower blood ammonia levels^[@CR3]^.

Recent studies showed that trace element concentrations varied in cirrhotic patients with HE^[@CR4]^. Lower serum zinc, magnesium and iron but higher serum manganese and copper were reported in cirrhotic patients^[@CR5]--[@CR7]^. Zinc, magnesium, and iron are co-enzymes of a variety of metabolic enzymes. Deficiencies in zinc, magnesium and iron levels may lead to metabolic disorders and negatively impact behavior and cognition^[@CR8]--[@CR10]^. On the other hand, high manganese levels can be neurotoxic. Excessive levels of manganese lead to cognitive impairments and extrapyramidal symptoms^[@CR11]^.

Oral administration of zinc effectively improves HE symptoms^[@CR12]^. However, whether oral administration of iron or magnesium is also beneficial is not known. Previous studies demonstrated that trace elements, such as iron and magnesium, can influence manganese absorption in the intestines^[@CR13],\ [@CR14]^. We hypothesize that iron and magnesium supplementation may improve HE by reducing intestinal manganese absorption and subsequently reduce brain manganese concentrations. The aim of this study was to investigate and compare the therapeutic effects of iron, zinc, and magnesium trace elements as well as rifaximin in HE rats.

Results {#Sec2}
=======

Effects on general state {#Sec3}
------------------------

There were no significant differences in body weight, food consumption or defecation between the groups at any time following the partial portal vein ligation. However, from the end of the 4th week (day 28) to 8th week (day 56) HE-Zn rats consumed less water (*P* = 0.013, *P* = 0.015, and *P* \< 0.001, respectively) (Supplementary Tables [1](#MOESM1){ref-type="media"}--[4](#MOESM1){ref-type="media"}).

Effects on cognition and locomotion {#Sec4}
-----------------------------------

The escape latencies of control rats decreased gradually as training time increased. Relative to controls, HE rats had significantly longer escape latencies during the 2nd, 3rd and 4th tests (*P* = 0.021, *P* \< 0.001, and *P* \< 0.001, respectively). Relative to controls, HE-Fe rats (*P* = 0.006 and *P* \< 0.001) and HE-Zn rats (*P* \< 0.001 and *P* \< 0.001) had significantly longer escape latencie at the 3rd and 4th tests. Compared to HE rats, HE-Mg rats had significantly shorter escape latencies during the 2nd, 3rd and 4th tests (*P* = 0.027, *P* \< 0.001 and *P* \< 0.001, respectively). HE-Rf rats had significantly shorter escape latencies during the 3rd and 4th tests (*P* = 0.005 and *P* \< 0.001, respectively). The escape latencies did not differ between the HE-Mg, HE-Rf and control groups (both *P* \> 0.05). (Fig. [1](#Fig1){ref-type="fig"}, Supplementary Table [5.1](#MOESM1){ref-type="media"}).Figure 1The escape latencies of four test trials of the Morris water maze in each group. The escape latencies of control rats gradually decreased as training time increased. Compared to controls, HE rats had significantly longer escape latencies during the 2nd, 3rd and 4th tests (*P* = 0.021, *P* \< 0.001, and *P* \< 0.001, respectively); HE-Fe and HE-Zn rats from the 3rd to 4th tests (*P* = 0.006 and *P* \< 0.001; *P* \< 0.001 and *P* \< 0.001, respectively). Compared to HE rats, HE-Mg rats had significantly shorter escape latencies during the 2nd, 3rd and 4th tests (*P* = 0.027, *P* \< 0.001, and *P* \< 0.001, respectively). HE-Rf rats had significantly longer escape latencies during the 3rd and 4th tests (*P* = 0.005 and *P* \< 0.001, respectively). Eight rats in each group, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, control rat comparison; ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, ^\#\#\#^ *P* \< 0.001, HE rat comparison. The *P* value is generated using One way ANOVA with a Bonferroni correction.

After the escape platform was removed, HE-Fe, HE-Zn and HE rats spent less time in the target quadrant (former escape platform area) relative to controls (*P* \< 0.001, *P* \< 0.001, and *P* \< 0.001, respectively). HE-Fe, HE-Zn, HE-Mg and HE-Rf rats spent more time in the target quadrant relative to HE rats (*P* = 0.007, *P* = 0.038, *P* \< 0.001 and *P* \< 0.001, respectively). There were no differences in the percentages of time spent in the target quadrant between HE-Mg, HE-Rf and control rats (both *P* \> 0.05) (Fig. [2](#Fig2){ref-type="fig"}, Supplementary Table [5.2](#MOESM1){ref-type="media"}).Figure 2The percentage of time spent in different quadrants of the water maze for each group (the total time: 60 seconds). The target quadrant is the region where the escape platform was placed previously. The percentage of time spent in the target quadrant is significantly smaller in the HE-Fe (P \< 0.001), HE-Zn (P \< 0.001), and HE rats (P \< 0.001) group when compared to the control. However, HE-Fe, HE-Zn, HE-Mg and HE-Rf rats spent more time in the target quadrant when compared to HE rats (P = 0.007, P = 0.038, P \< 0.001 and P \< 0.001, respectively). Eight rats in each group, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 control rat comparison, ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, ^\#\#\#^ *P* \< 0.001, HE rat comparison. The *P* value is generated using One way ANOVA with a Bonferroni correction.

There were no significant differences in locomotor activity between controls and HE-Fe rats, HE-Zn rats, HE-Mg rats and Rf rats. He rats had significantly decreased locomotor activity (*P* = 0.007). Significantly increased locomotor activity was found in HE-Fe rats (*P* = 0.033), HE-Zn rats (*P* = 0.038), HE-Mg rats (*P* = 0.027), and Rf rats (*P* = 0.043) relative to HE rats (Fig. [3](#Fig3){ref-type="fig"}, Supplementary Table [6](#MOESM1){ref-type="media"}).Figure 3The locomotor activity at the end of the 8th week in each group. No significant differences in locomotor activity were found in HE-Fe rats, HE-Zn rats, HE-Mg rats and HE-Rf rats when compared to controls. HE rats had significantly decreased locomotor activity (*P* = 0.007). Significant increases in locomotor activity were found in HE-Fe rats (*P* = 0.033), HE-Zn rats (*P* = 0.038), HE-Mg rats (*P* = 0.027), and Rf rats (*P* = 0.043) when compared to HE rats. Eight rats in each group, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, control rat comparison, ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, ^\#\#\#^ *P* \< 0.001, HE rat comparison. The *P* value is generated using One way ANOVA with a Bonferroni correction.

Blood ammonia, trace elements and GS activity in the brain {#Sec5}
----------------------------------------------------------

At the end of the 8th week, there were no significant differences in fasting blood ammonia levels between the groups. However, 30 minutes after oral administration of glutamate, significantly higher blood ammonia levels were found in HE-Fe, HE-Zn and HE rat when compared to controls (all *P* \< 0.001). Blood ammonia was significantly lower in HE-Mg rats and HE-Rf rats relative to HE rats (both *P* \< 0.001). There were no differences in blood ammonia levels between HE-Mg rats, HE-Rf rats and HE rats (both *P* \> 0.05) (Fig. [4](#Fig4){ref-type="fig"}, Supplementary Table [7](#MOESM1){ref-type="media"}).Figure 4Fasting blood ammonia levels at the end of the 8th week before and after glutamate challenge in each group. Before glutamate challenge, there were no significant differences in blood ammonia levels among the groups. Thirty minutes after oral administration of glutamate, HE-Fe, HE-Zn and HE rat exhibited significantly higher blood ammonia levels when compared to controls (all *P* \< 0.001). Blood ammonia levels were significantly lower in HE-Mg rats and HE-Rf rats when compared to HE rats (both *P* \< 0.001); there were no differences between HE-Mg rats, HE-Rf rats and control rats (both *P* \> 0.05). Eight rats in each group, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, control rat comparison, ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, ^\#\#\#^ *P* \< 0.001, HE rat comparison. The *P* value is generated using One way ANOVA with a Bonferroni correction.

There were no significant differences between the groups in calcium, magnesium, and ferrum concentrations in the basal ganglia. HE-Fe, HE-Rf and HE rats had higher copper concentrations in the basal ganglia when compared to controls (*P* = 0.047, *P* = 0.019, and *P* = 0.033, respectively). Zinc concentrations in the basal ganglia was lower in HE-Rf and HE rats relative to controls (*P* = 0.023, *P* = 0.036, respectively), and higher in HE-Zn rats when compared to HE rats (*P* = 0.048). Manganese concentrations in the basal ganglia were higher in HE-Rf rats and HE rats when compared to controls (both *P* \< 0.001) and lower in HE-Fe rats, HE-Zn rats and HE-Mg rats when compared to HE rats (all *P* \< 0.001) (Table [1](#Tab1){ref-type="table"}).Table 1Trace element concentrations in the basal ganglia across groups.Basal gangliaCa (mg/g)Mg (mg/g)Fe (μg/g)Cu (μg/g)Zn (μg/g)Mn (μg/g)HE-Fe0.48 ± 0.190.23 ± 0.112.9 ± 2.915.12 ± 0.82\*47.75 ± 11.421.06 ± 0.12^\#\#\#^HE-Zn0.47 ± 0.180.24 ± 0.1210.09 ± 2.794.95 ± 1.5555.97 ± 12.86^\#^1.04 ± 0.24^\#\#\#^HE-Mg0.51 ± 0.260.27 ± 0.139.88 ± 3.24.75 ± 1.3352.38 ± 18.890.86 ± 0.19^\#\#\#^HE-Rf0.43 ± 0.140.21 ± 0.1110.11 ± 3.565.74 ± 1.26\*35.47 ± 15.34\*1.59 ± 0.03\*\*\*HE0.44 ± 0.220.2 ± 0.0711.16 ± 5.355.84 ± 1.63\*36.75 ± 16.4\*1.6 ± 0.04\*\*\*Control0.45 ± 0.170.27 ± 0.119.75 ± 2.133.89 ± 1.0556.69 ± 11.830.85 ± 0.24Six rats in each group, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, control rat comparison, ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, ^\#\#\#^ *P* \< 0.001, HE rat comparison. The *P* value is generated using One way ANOVA with a Bonferroni correction.

There were no significant differences in calcium, magnesium, ferrum, copper, and zinc concentrations in the cortex between groups. Cortical manganese concentration was higher in HE-Zn, HE-Rf and HE rats relative to controls (*P* = 0.041, *P* = 0.026, and *P* = 0.035, respectively) and lower in HE-Mg rats when compared to HE rats (*P* = 0.049) (Table [2](#Tab2){ref-type="table"}).Table 2Trace element concentrations in the cortex across groups.CortexCa (mg/g)Mg (mg/g)Fe (μg/g)Cu (μg/g)Zn (μg/g)Mn (μg/g)HE-Fe0.41 ± 0.140.25 ± 0.16.01 ± 2.061.36 ± 0.719.82 ± 8.620.75 ± 0.28HE-Zn0.35 ± 0.120.23 ± 0.155.9 ± 2.071.31 ± 0.4922.45 ± 7.890.76 ± 0.26\*HE-Mg0.47 ± 0.20.28 ± 0.126.57 ± 2.31.15 ± 0.3620.06 ± 9.570.5 ± 0.17^\#^HE-Rf0.3 ± 0.220.34 ± 0.286.95 ± 2.861.53 ± 0.6321.45 ± 7.410.78 ± 0.24\*HE0.27 ± 0.140.23 ± 0.137.15 ± 3.141.49 ± 0.4316.75 ± 3.260.85 ± 0.35\*Control0.38 ± 0.180.24 ± 0.126.87 ± 1.931.19 ± 0.6422.24 ± 8.340.48 ± 0.14Six rats in each group, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, control rat comparison, ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, ^\#\#\#^ *P* \< 0.001, HE rat comparison. The *P* value is generated using One way ANOVA with a Bonferroni correction.

Compared to controls, HE-Mg rats had higher fecal magnesium levels (*P* \< 0.001). Fecal iron levels were higher in HE-Fe, HE-Rf and HE rats (*P* \< 0.001, *P* = 0.044, and *P* = 0.022, respectively) relative to controls. Fecal zinc levels in HE-Zn, HE-Rf and HE rats were higher relative to controls (*P* \< 0.001, *P* = 0.017, and *P* = 0.028, respectively). HE-Mg rats had higher fecal manganese levels (*P* = 0.009). The fecal manganese levels were significantly lower in HE-Zn, HE-Rf and HE rats when compared to controls (*P* = 0.016, *P* \< 0.001 and *P* = 0.001, respectively) and significantly higher in HE-Fe, HE-Zn, and HE-Mg rats when compared to HE rats (*P* = 0.007, *P* = 0.046, and *P* \< 0.001, respectively) (Supplementary Table [8](#MOESM1){ref-type="media"}).

Higher GS activity was observed in the basal ganglia of HE-Fe, HE-Zn and HE rats relative to controls (*P* = 0.036, *P* = 0.045 and *P* = 0.035, respectively). GS activity in the basal ganglia was significantly lower in HE-Mg and HE-Rf rats when compared to HE rats (*P* = 0.002 and *P* = 0.038). There were no differences in GS activity between HE-Mg, HE-Rf and controls (both *P* \> 0.05). HE rats had higher levels of GS activity in the cortex relative to controls (*P* = 0.003). GS activity in the cortex was significantly lower in HE-Fe, HE-Zn, HE-Mg, and HE-Rf when compared to HE rats (*P* = 0.017, *P* = 0.008, *P* = 0.001 and *P* = 0.016, respectively) (Fig. [5](#Fig5){ref-type="fig"}, Supplementary Table [9](#MOESM1){ref-type="media"}).Figure 5GS activity in the basal ganglia and cortex across groups. A higher basal ganglia GS activity was observed in the HE-Fe rats, HE-Zn rats and HE rats when compared to controls (*P* = 0.036, *P* = 0.045, and *P* = 0.035, respectively). GS activity in the basal ganglia was significantly lower in HE-Mg rats and HE-Rf rats when compared to HE rats (*P* = 0.002 and *P* = 0.038); there were no difference between HE-Mg rats, HE-Rf rats and controls. HE rats had higher cortical GS activity when compared to controls (*P* = 0.003). Significantly lower cortical GS activity was observed in HE-Fe rats, HE-Zn rats, HE-Mg rats, and HE-Rf rats when compared to HE rats (*P* = 0.017, *P* = 0.008, *P* = 0.001, and *P* = 0.016, respectively). Eight rats in each group, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, control rat comparison, ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, ^\#\#\#^ *P* \< 0.001, HE rat comparison. The *P* value is generated using One way ANOVA with a Bonferroni correction.

Discussion {#Sec6}
==========

In this study, we found that oral administration of iron, zinc and magnesium trace elements, as well as rifaximin, were beneficial to HE rats. Among the four therapies, oral administration of magnesium sulfate was the most effective HE treatment. It significantly reduced the manganese concentration in the brain, regulated ammonia metabolism, decreased GS activity, and consequently, improved cognitive and locomotor impairments in HE rats.

Effects on manganese concentrations in the brain {#Sec7}
------------------------------------------------

HE and HE-Rf rats had significantly decreased fecal manganese excretion and significantly increased manganese concentrations in the brain. These results indicated that rifaximin had no effect on reducing the manganese concentration in the brain. Previous studies reported that decreased zinc and increased copper and manganese concentrations in the brain were related to the development of HE^[@CR8],\ [@CR15]^. Zinc has been used to treat HE. Oral zinc treatment could increase fecal manganese excretion and decrease manganese concentrations in the basal ganglia^[@CR8]^. However, in this study 61 days of treatment with zinc only had a limited effect on decreasing cortical manganese concentrations. One study reported that magnesium could protect against manganese toxicity^[@CR16]^. However, whether magnesium can be used to treat HE has not been investigated. This study demonstrated that oral magnesium treatment in HE rats significantly decreased manganese concentrations in the basal ganglia and cortex by increasing fecal manganese excretion, which is consistent with previous findings^[@CR17]^. Iron also increased fecal manganese excretion, which is consistent with previous findings^[@CR18]^. However, our study showed that iron treatment for 61 days could not effectively reduce cortical manganese concentrations in HE rats.

Effects on cognition and locomotion {#Sec8}
-----------------------------------

As was reported in previous studies^[@CR19],\ [@CR20]^, HE rats exhibited significantly longer escape latencies and a significantly reduced locomotor activity. A previous study reported that zinc could improve cognitive function in patients with HE^[@CR12]^. In this study, we confirmed that zinc and iron treatments could improve cognition in HE rats. However, cognitive function in HE rats receiving iron or zinc treatment was still lower when compared to controls. Impressively, magnesium treatment significantly decreased escape latencies during the water maze task and increased locomotor activity in HE rats. Previous studies have reported that populations with low magnesium intake had a higher risk of motor neuron disease^[@CR21]^. Conversely, increases in brain magnesium could improve learning and memory function^[@CR21],\ [@CR22]^. In this study, rifaximin also decreased escape latencies and increased locomotor activity in HE rats. These results indicated that ammonia was involved in the cognitive and locomotor impairments reported previously in HE rats^[@CR23]^.

Effects on ammonia metabolism {#Sec9}
-----------------------------

A previous study showed that the non-fasting blood ammonia in rats with partial portal vein ligation gradually decreased in the 2 to 6 week period^[@CR24]^. This study showed that the fasting blood ammonia levels in HE rats with partial portal vein ligation was in the normal range during the 2 to 8 week period. After glutamate administration, however, the blood ammonia levels in HE rats became significantly higher than in controls. This was thought to be caused by portal-systemic shunting according to previous studies^[@CR25],\ [@CR26]^. These results suggest abnormal nitrogen metabolism. Rivera-Mancia S *et al*. suggested that the accumulation of ammonia in the brain was the result of increased manganese concentrations^[@CR27]^. This study demonstrated that magnesium treatment could significantly reduce blood ammonia levels in HE rats after the administration of glutamate. Magnesium treatment reduced ammonia levels in the blood by increasing fecal manganese excretion which subsequently decreased manganese concentrations in the brain. Similarly, rifaximin treatment also significantly reduced blood ammonia levels in HE rats after the administration of glutamate; however, fecal manganese excretion decreased. Consequently, manganese concentrations in the brain significantly increased. Iron and zinc treatment could not reduce blood ammonia levels in HE rats after glutamate administration. In HE-Fe rats and HE-Zn rats, fecal manganese excretion did not increase. Manganese concentrations in the brain somewhat decreased, but did not decrease to normal levels.

Effects on GS activity {#Sec10}
----------------------

Studies have confirmed that GS is the key metabolic enzyme in HE^[@CR28]^. Inhibition of GS activity could improve cognitive function in HE rats^[@CR29]^. In this study, we found that GS activity significantly increased in the basal ganglia and cortex of HE rats, which was in accordance with a study conducted by Montes S *et al*.^[@CR30]^. It had been shown previously that ammonia significantly increased GS activity^[@CR31]^. After rifaximin treatment, significantly lower blood ammonia levels and lower GS activity in the brain were observed. Treatment with iron and zinc slightly decreased GS activity in the cortex, and did not decrease GS activity in the basal ganglia of HE rats. Magnesium treatment significantly reduced GS activity to normal levels in the basal ganglia and cortex. It had been reported previously that manganese and magnesium concentrations effect GS activity^[@CR32]^. Excessive magnesium can strongly decrease GS activity^[@CR32]^. Therefore increases in magnesium and decreases in manganese could both cause decreases in GS activity.

This study had some limitations. First, the doses of the trace elements were determined by referring to previous studies. The dose of magnesium sulfate was same as used for mouse models, which exists potential differences from rats. Thus, further studies with different doses should be carried out to evaluate the effects of magnesium sulfate on HE. Second, the doses of ferrum sulfate and zinc sulfate was smaller than that of magnesium sulfate had a limited impact on HE during the 61 day treatment period. Longer treatment durations and higher dose gradients should be investigated. Third, HE-Zn rats had significantly decreased water consumption during the 2 to 8 week period of treatment; its potential effects should be further evaluated.

Conclusion {#Sec11}
----------

In this study, we found that ferrous sulfate, zinc sulfate and magnesium sulfate all significantly reduced the manganese concentration in the brain via increased fecal manganese excretion in HE rats. Among the three trace elements, magnesium sulfate effectively improved cognitive and locomotor impairments in HE rats by significantly reducing the manganese and ammonia concentrations in the brain and decreasing GS activity.

Methods {#Sec12}
=======

Ethics Statement {#Sec13}
----------------

This study and the experimental protocols were reviewed and approved by the Institutional Review Board of Jinshan Hospital, Fudan University (2015-05). All procedures were conformed to Institutional Animal Care and Use Committee at the Fudan University guidelines.

Animal model and treatment {#Sec14}
--------------------------

A total of 48 male Sprague-Dawley rats (10 weeks, mean weight 260 g) were used. HE rat models were prepared by partially ligating the portal vein. The surgical procedures are described in a previous report^[@CR24]^. The HE rats were divided into five groups based on the different treatments administered to each group including three trace elements: HE-Fe group (ferrous sulfate treatment, n = 8), HE-Zn group (zinc sulfate treatment, n = 8), HE-Mg group (magnesium sulfate treatment, n = 8), HE-Rf group (rifaximin treatment, n = 8) served as the positive control, and the HE group (no treatment, n = 8) served at the negative control. Another group consisting of 8 normal rats served as the blank control. The control animals underwent a sham surgery with anesthesia without partially portal vein ligation.

Trace element supplement therapy was administered via drinking water for 61 days. HE-Fe rats were provided ferrous sulfate at a dose of \~81 mg/kg/day (\~30 mg/kg/day elemental ferrum)^[@CR33]^. The dose of ferrum was calculated as follows: (ferrum in feed × food consumption)/water food consumption. HE-Zn rats were provided zinc sulfate at a dose of \~86 mg/kg/day (\~30 mg/kg/day elemental zinc)^[@CR8]^. The zinc dosage was translated from humans to rats as follows: dose for human × (weight of human/weight of rat)^2/3^  ^[@CR34]^. HE-Mg rats were given magnesium sulfate at a dose of \~107 mg/kg/day (\~50 mg/kg/day elemental magnesium)^[@CR35]^. HE-Rf rats were given rifaximin at a dose of 50 mg/kg/day^[@CR23]^. These doses were determined by estimating the minimum effective dose in rats, which has been described in previous studies.

To monitor the dose of trace elements and rifaximin, the rats were placed in metabolic cages. The rats were fed and received water ad lib. Weight, water, food consumption and fecal weight were recorded daily. The amount of trace elements and rifaximin required to reach the target dose was calculated based on the water consumption and body weight of each rat. Treatment began immediately after the partial portal vein ligation and lasted 61 days. After the treatment period, the animals were sacrificed. All rats were provided a feed in accordance with the AIN-93 (Purified Diets for Laboratory Rodents) formulation. The feed contained iron (45 mg/kg, ferrous sulfate), zinc (35 mg/kg, zinc sulfate), magnesium (511 mg/kg, magnesium sulfate) and manganese (10 mg/kg, manganese sulfate).

Behavioral assessment {#Sec15}
---------------------

### Cognitive behavior {#Sec16}

The Morris water maze (MWM) was used to evaluate learning in rats^[@CR36]^. The maze consisted a circular tank with 180 cm diameter and 50 cm deep. The tank was filled with water (30 cm deep, 24 ± 1 °C). An invisible escape platform was placed 2 cm below the water surface. The tank was divided into four quadrants (LeftTop, RightTop, LeftBottom and RightBottom). The movement trajectories of the rats were recorded using a computer equipped with a camera. The MWM test began on the 9th week (day 57). The rats were trained for 4 consecutive days. The escape latency to reach the platform was recorded. On day 61, the test trial (memory retention test) was performed. During the test trial, the platform was removed and each rat was allowed to explore the pool for 60 s. The total time spent in each quadrant was recorded.

### Locomotor function {#Sec17}

At the end of the 8th week (day 56), the open-field test was used to evaluate locomotor activity. A 40 × 40 × 35 cm black square box was used. The square field (40 × 40 cm) was divided by a 10 × 10 cm grid line. A single touch of the grid line was recorded by the computer as one spontaneous movement. The total number of spontaneous movements during a 30 min period was recorded.

### Blood ammonia levels and the glutamine challenge test {#Sec18}

The glutamine challenge test was administered after the open-field test on the same day. The rats were fasted for 6--8 hours, and received intragastric administration of glutamine (30 mg glutamine dissolved in 5 ml saline). One ml of blood was drawn for testing the concentration of plasma ammonia before and after 30 minutes of the glutamine challenge test (Vitros350, Johnson & NJ, Johnson, USA).

### Measurement of trace element concentrations {#Sec19}

On the same day after the MWM test trial (day 61), the rats were sacrificed via cervical dislocation and then transcardially perfused with cold saline. The brain was removed. The cortex and basal ganglia were separated according to the anatomical atlas of the rat brain. Six rats were selected randomly in each group. The concentrations of calcium, ferrum, zinc, magnetism, copper, and manganese in the cortex and basal ganglia were measured using an inductively coupled plasma (ICP) spectrometer.

### Enzyme activity assay {#Sec20}

The brain sample was weighed and homogenized. Glutamine synthetase (GS) activity was measured using a GS kit in accordance with the instructions (Jiancheng Bioengineering Company, Nanjing, China).

Statistical analysis {#Sec21}
--------------------

Statistical analyses were performed using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA). One way ANOVA with a Bonferroni correction was used for the escape latency of MWM, locomotor activity, blood ammonia, brain metal content, and GS activity among groups. All values are represented as the mean ± standard deviation. A P value less than 0.05 was considered statistically significant.
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